This paper reviews atmospheric inputs of trace elements and nutrients to the oceans in the context of the GEOTRACES programme and provides new data from two Atlantic GEOTRACES cruises. We consider the deposition of nitrogen to the oceans, which is now dominated by anthropogenic emissions, the deposition of mineral dust and related trace elements, and the deposition of other trace elements which have a mixture of anthropogenic and dust sources. We then consider the solubility (as a surrogate for bioavailability) of the various elements. We consider briefly the sources, atmospheric transport and transformations of these elements and how this results in strong spatial deposition gradients. Solubility of the trace elements also varies systematically between elements, reflecting their sources and cycling, and for some trace elements there are also systematic gradients in solubility related to dust loading. Together, these effects create strong spatial gradients in the inputs of bioavailable trace elements to the oceans, and we are only just beginning to understand how these affect ocean biogeochemistry.
This article is part of the themed issue 'Biological and climatic impacts of ocean trace element chemistry'.
Introduction
It has been known for a long time that atmospheric material derived from the continents reaches the oceans. A very obvious example of this is the presence of terrestrial clay minerals in deep-sea sediments [1] , particularly in areas where marine biogenic particles, owing to their dissolution or lack of production in surface 2016 The Author(s) Published by the Royal Society. All rights reserved. Dissolved aluminium in the GA02 transect [4] . Note the high surface water aluminium concentrations at o N beneath the Saharan dust plume. Image from the GEOTRACES intermediate data products [5] and original data from Rob Mittag and Hein de Baar.
waters, are in very low abundance. In the 1970s and 1980s, the SEAREX programme in particular demonstrated long-range deposition of trace elements from land to the remote ocean [2] . More recently, the GEOTRACES data products have provided water column trace element data at very high resolution that demonstrate the impact of atmospheric deposition for metals such as aluminium. For example, maxima in surface water dissolved aluminium [3] concentrations at 20-40°N in the Atlantic ocean (figure 1) can only be realistically explained in terms of deposition of mineral dust derived from the Sahara Desert.
It is also now clear that atmospheric inputs play an important role in trace element biogeochemistry and ocean productivity [6] and this in turn has driven a programme of research globally to understand the magnitude, geographical distribution and bioavailability of atmospheric deposition of a wide range of trace elements. However, elements such as iron, which play a major role in ocean biogeochemical cycles [7] , have an important atmospheric source but do not show a simple surface maxima, as seen for aluminium, owing to the surface water biogeochemical cycling of this key nutrient. Indeed, it is the lack of a major biological role for aluminium that has led to the utility of surface water aluminium as a semi-quantitative tracer of dust inputs to the ocean [8, 9] .
The collection of aerosol samples has been a key component of the GEOTRACES science plan from the outset [10] and will in time provide a comprehensive dataset to help quantify atmospheric deposition. However, the highly dynamic nature of the atmosphere compared with the ocean makes it difficult for measurements collected at one point in space and time on a research cruise to be considered as representative of the long-term average atmospheric deposition at that particular sampling site, which is integrated over a timescale of many months or longer in surface waters. Such long-term average atmospheric data are available from only a few island stations, such as the Barbados dust record and the Cape Verde Atmospheric Observatory time-series plus long-term data from the Bermuda and Mace Head stations [11] [12] [13] [14] [15] . These records illustrate the large temporal variability of atmospheric aerosol concentrations on timescales from days to decades. Elsewhere across the bulk of the oceans, without island station records, we must rely on models to deliver estimates of atmospheric deposition, and field data on deposition provide the key validation and calibration data for these models.
In this short synthesis paper, we try to evaluate how well we know atmospheric inputs of various trace elements in the context of the goals of the GEOTRACES programme to improve 'understanding of biogeochemical cycles and large-scale distribution of trace elements and their isotopes in the marine environment'. We focus particularly on the Atlantic ocean, which has the highest density of aerosol observations, considering first nitrogen, then dust-related elements and then other trace elements. Over the Atlantic, the Atlantic Meridional Transect (AMT) programme Circles indicate the mid-points of 24 h sampling periods. Numbers on the D361 cruise refer to sample numbers in figure 5 . Not all stations are numbered for clarity, but sampling stations are sequential.
[16] and other surveys, including GEOTRACES, have provided the opportunity to collect a large and consistent dataset at a whole ocean scale. The AMT cruises cross not only a wide range of biogeochemical provinces [16, 17] , but also a wide range of atmospheric transport regimes ranging from the largest dust plume on the Earth, off the Sahara Desert, through to Southern ocean air masses that have exceptionally low concentrations of terrestrially derived trace elements. We consider the atmospheric concentration field, the methods for transforming the atmospheric concentrations into fluxes and compare the resulting deposition fluxes with model and other estimates.
A key issue to consider in understanding the impact of atmospheric deposition is the bioavailability of the dissolved trace elements, and we therefore also consider here the solubility of various trace elements and nutrients and the controls on this solubility [18] , because we assume solubility influences, in part at least, bioavailability. The focus of the discussion is particularly on nutrients with a strong biogeochemical role [6] , and so includes micro-and macronutrients such as Fe, N and P as well as some other trace elements.
The impact of atmospheric deposition depends, in part, on the nutrient status of the receiving surface water. It is now clear that atmospheric dust deposition increases iron and aluminium concentrations in tropical Atlantic surface water [19] , where biogeochemical impacts include increased nitrogen fixation in the high dust (Fe) deposition region in the tropical North Atlantic compared with the South Atlantic. This, in turn, results in removal of phosphorus from surface waters and creation of an anomaly in P*-the relative abundance of phosphorus in surface waters compared with Redfield stoichiometry [20, 21] . This intense biogeochemical cycling, in turn, modifies the water column cycling of Fe, as indicated by the difference in its residence time in the surface waters in the North and South Atlantic gyres [19] . This pattern of dust deposition triggering nitrogen fixation and phosphorus drawdown appears to be replicated in the western Pacific [20, 22] . Thus, the impact of atmospheric iron deposition on the water column in low latitude systems is primarily by stimulation of nitrogen fixation, rather than direct stimulation of primary productivity, whereas in high latitude waters, the main impact of atmospheric iron supply is to directly support primary production [23] . Meanwhile, atmospheric nitrogen deposition stimulates primary production significantly within oligotrophic waters [24] . Here, we synthesize what we already know about the deposition of these key elements, and controls on their solubility, from published research. We illustrate some recent progress using information from three GEOTRACES cruises, focusing particularly on aerosol trace elements. Two cruises (D357 and JC068) sampled the GA10 section [25] in the South Atlantic (figure 2), a region where atmospheric deposition has been much less well studied than the North Atlantic. We also present previously unpublished data from the D361 cruise in the tropical Atlantic (figure 2). Sampling and analysis methods for all three cruises are described in Chance et al. [25] and not repeated here. The data presented are for aerosols, which are valuable in providing an understanding of sources and transport and are straightforward to collect. The available data for wet deposition, which is a very important part of the overall deposition flux, are much more limited owing to the episodic nature of rainfall itself which makes sampling from ships on time-limited cruises very difficult.
Nitrogen deposition
Models of nitrogen deposition to the ocean show areas of high atmospheric deposition over the North Atlantic, North Pacific and Northern Indian Ocean [24] , downwind of major source areas in industrial regions of North America and Asia ( figure 3 ). This nitrogen deposition leads directly to an increase in ocean productivity [24] . Globally, nitrogen emission sources are now dominated by combustion processes, which emit oxidized forms of nitrogen (which subsequently form nitric acid and nitrate aerosol), and agricultural sources, which emit ammonia (which can be transformed to ammonium aerosol). There are natural sources of both oxidized and reduced nitrogen on land and these can be important locally in regions remote from large-scale anthropogenic emissions, and there may also be an important recycling flux of ammonia from seawater to the atmosphere [26, 27] . There is also a significant but poorly characterized organic nitrogen component within the aerosol. This organic nitrogen appears to be at least partly of anthropogenic origin [28] , although there may also be a marine source [29] . Although its sources and cycling remain uncertain [30] , an explicit model simulation of this atmospheric organic nitrogen has recently been developed [31] .
The available Atlantic aerosol nitrogen data are broadly consistent with the model simulations [32] , with high concentrations seen in air masses over the temperate North Atlantic which have recently passed over industrialized and highly populated areas of Europe or North America. Further south over the tropical North Atlantic, air masses flowing out of North Africa are heavily influenced by desert dust, but also contain high levels of anthropogenic nitrogen. There are few large nitrogen emission sources within the Saharan region and most of the large cities of North Africa are located south of the intertropical convergence (ITCZ), and hence unlikely to influence the Northern hemisphere. Hence, it seems most probably that the high nitrogen concentrations seen in the Saharan outflow reflect emissions from Europe drawn south under the influence of the prevailing air flow, mixing with the dust, exiting the continent in the Saharan air mass and passing over the tropical North Atlantic, as discussed by Savoie et al. [33] . However, as noted by those authors, there may be an additional secondary contribution to this air mass from North African anthropogenic and biomass-burning emissions. Nitrogen concentrations in the air over the South Atlantic are much lower than over the North Atlantic, reflecting the lower emissions in the Southern Hemisphere, limited transport across the ITCZ interhemispheric boundary and the efficiency of wet deposition scavenging within the ITCZ. The Southern African air mass can be separated into air influenced by biomass burning or not, based on geochemical signatures such as the non-sea-salt potassium [34] . The data show that this biomass burning does lead to increased concentrations of nitrogen species over the South Atlantic [32] .
A recent quantitative comparison of estimated nitrogen deposition to the Atlantic derived from a large dataset of atmospheric measurements with estimates from atmospheric chemical transport models [32] shows excellent agreement (table 1), and this leads to the conclusion that the models currently available provide a good description of both the total nitrogen deposition flux and its large-scale spatial distribution. deposition dominates overall, although dry deposition can be significant in some regions. Both the modelled and observational deposition estimates are subject to large uncertainties: uncertain parametrization of flux in the case of models, and in the case of observations rather limited sampling of rainwater and calculation of dry deposition flux from aerosol concentration via an uncertain dry deposition velocity. The broad agreement of models and data-based flux estimates does provide some confidence that the available deposition parametrizations are realistic. Of course, because the models are to some extent tuned with the available datasets (although not with this specific dataset), the model and field datasets are not completely independent. Based on various scenarios, the likely future size of N inputs to the oceans can be estimated from the models, and the predictions overall are for rather small changes (approx. 10%) over coming decades, but this will be higher in areas downwind of regions expected to be subject to rapid industrialization and population growth [24] .
Dust, iron and phosphorus deposition
Atmospheric dust is a major source of iron to the ocean, and models (figure 4) predict strong spatial gradients in deposition fluxes to the oceans away from the major dust sources in the great deserts [37] . The Sahara is the biggest dust source, and all of the other major dust source regions are in the Northern Hemisphere, with much weaker sources in the Southern Hemisphere [37, 38] . Within the desert regions, there are specific and seasonally varying major source regions often associated with dried-up lake bed features [39] .
Aerosol dust concentrations are measured directly in a few datasets, but more generally concentrations of elements that are known to be major components of mineral dust such as iron, aluminium or titanium are used as tracers of dust, with conversion between the two being based on crustal abundance [38] . While this does introduce an uncertainty into these calculations, the crustal abundances of these major elements appears to be globally relatively consistent [40] . Hence, the uncertainties arising from the conversion between major element concentrations and dust concentrations are small compared with those associated with spatial and temporal variability of dust loadings and the parametrization of dust deposition [23, 37, 41] . However, variability in elemental ratios of trace elements in source material is an important uncertainty when estimating enrichment factors (EFs) [38] as discussed below. Recent studies have considered the role of anthropogenic iron emissions as an additional source of iron to the oceans [42] . In terms of total iron deposition to the oceans, these anthropogenic inputs do not seem particularly large in comparison with the contribution from dust, but they may have an important effect on ocean biogeochemistry because they may deposit iron in a more soluble form than desert dust [43, 44] , as will be discussed later.
In the available datasets, iron and aluminium concentrations are much higher in Saharan air masses than in any other air mass over the Atlantic, and concentrations are much lower in the Southern Hemisphere than in the Northern hemisphere [45] . There is some evidence that biomass burning increases the dust concentration compared with the southern African air masses not influenced by burning, consistent with the suggestion of Guieu et al. [46] either by directly mobilizing soil or by emissions from the combusted biomass [47] . Concentrations of Al and Fe are very low in the remote South Atlantic air masses [45] , but there is evidence in these data and other data from the South Atlantic [25] that dust and anthropogenic emissions from South America do reach the central South Atlantic.
Although the observed distribution patterns of aerosol iron and aluminium concentrations are consistent with the model data, quantitative comparisons are challenging. In part, this reflects the difficulties of modelling strong seasonality of emissions and transport pathways from all desert regions as well as shorter-term variations associated with dust storms lasting a day or so. Dust emissions in, and transport from, all the major deserts have a strong seasonality [48] , and this applies particularly over the Atlantic. This issue is particularly evident in the tropical North Atlantic under the Saharan outflow. Total iron deposition in the tropical eastern Atlantic off North Africa occurs predominantly in the winter (table 2) associated with a low altitude dust transport at that time. For the rest of the year, strong transport occurs at higher altitude particularly in summer, so that deposition to the eastern Atlantic is relatively low, even during periods of intense high altitude dust transport [49] . This air subsides over the western Atlantic and dominates the aerosol signal seen further west, e.g. at Barbados [11] . This seasonality complicates attempts to quantitatively compare data and models. A recent systematic comparison of data and models [45] , therefore, considered only two seasons for which there was extensive observational data (Northern Hemisphere spring and autumn). Even then, the comparison of flux estimates from models and data collected over the Atlantic is less good than for nitrogen (table 3) .
Given the better agreement for nitrogen (table 1) than iron (table 3) , it seems reasonable to conclude that the difficulty of modelling the episodic, localized and complex nature of dust emission processes in desert regions, and the difficulty of adequately sampling the highly variable aerosol concentrations makes an important contribution to the different flux estimates from dataand model-based studies. A detailed study in the ocean areas directly off North Africa illustrates the importance of adequately sampling the spatial and temporal variability of the aerosol field, particularly in a region such as this with extreme temporal and spatial gradients [12, 49] . Thus, for instance, the aerosol aluminium concentrations at the Cape Verde observatory vary over almost three orders of magnitude for samples each collected over a couple of days [12] . This range includes an element of seasonal variability, but variations of concentrations spanning almost the whole range can occur on timescales of a day, associated with the passage of dust storms [12] .
The model-and data-based estimates of iron deposition over the North and South Atlantic differ by about a factor of 3 or more (table 3) . Within the high dust deposition region off the North African coast, Powell et al. [49] have suggested that the uncertainties in their estimates are of the order of a factor of 2, with uncertainties in dry deposition velocity a major component [52] [53] [54] and at an intermediate dust flux site in the Sargasso Sea [55] . There are numerous and different caveats associated with the field sampling in each of these studies, and with extrapolation of rainfall rates over the ocean to get wet deposition estimates given known orographic effects, which affect rainfall amount at island sites. Nevertheless, the model and field data flux estimates agree in each case within a factor of three. This suggests that the uncertainties in dust deposition estimates do not vary systematically with the total dust loading. A comparison of ocean models and observed surface ocean dissolved aluminium (a tracer of atmospheric deposition) found agreement across all the ocean basins within a factor of 2 [56] . These various comparisons lead to the conclusion that, while the estimation of dust deposition is more challenging than nitrogen deposition, the agreement between models, direct atmospheric measurements converted to deposition fluxes, and tracer techniques using aluminium are now within a factor of 3 or better.
Phosphorus deposition to the oceans has also been estimated based on models [57] , although here the field data for aerosol phosphorus to validate and calibrate models is much more limited than for iron. The dominant source of atmospheric phosphorus is estimated to be associated with dust [57] , although the actual phosphorus source within the dust itself may reflect biogeochemical cycling of phosphorus in the former lake systems that dominate these dust sources [58] . There are also various potentially important secondary phosphorus sources associated with anthropogenic activities. A recent study [59] has suggested that the anthropogenic contribution to the atmospheric phosphorus input may be larger than previously suggested [57] based on higher estimated phosphorus concentrations in fuels and under-sampling of emissions, although these higher estimates are yet to be verified. Given the dominance of dust sources in the Mahowald et al. [57] simulations, the pattern of atmospheric phosphorus inputs to the ocean is inevitably similar to that of dust. The available datasets to validate the model are rather limited, but are consistent with the distribution patterns in the models [32, 60] .
The likely future changes in dust fluxes to the ocean are very uncertain to the extent that it is not even clear whether they are likely to increase or decrease with projected climate change over coming decades [50] .
Atmospheric deposition of other trace elements
Duce et al. [61] provided first-order estimates of the atmospheric deposition of various trace elements to the oceans based on extrapolation of observations. Recent modelling estimates have focused on atmospheric deposition of nutrients (N and Fe in particular, see above) with rather less attention paid to other trace elements. Where dust is believed to be the overwhelming terrestrial source of an element (such as for Si, non-sea-salt Ca and Mg) to the atmosphere, and if the atmospheric cycling of the element is similar to Al or Fe, then it is possible to derive the atmospheric deposition fluxes from the dust deposition field, and this estimate can be further improved by considering global soil maps to specifically characterize the source region elemental composition [62] .
However, for some trace metals, the potential variability in trace element/Al ratios in some regions, possibly associated with local mineral sources, may be important as suggested, for instance, with South American dust sources in the Patagonian region [25] and in comparisons of Saharan dust composition with crustal values [38] . For many trace elements (e.g. Zn, Cd, V, Cu), sources in addition to dust are important and need to be considered in atmospheric deposition flux models. In principle, it is relatively straightforward to extend the dust models available to other trace elements, because the models do have some spatially discriminated additional sources, such as fuel combustion. Emission source strengths or emission factors, which are often available from urban air pollution studies, can then be used to parametrize these models. This approach has been used to provide a global model of atmospheric copper inputs to the ocean [63] which does illustrate that for this trace element both anthropogenic and dust sources are important, consistent with an observed average enrichment of copper globally [64] . In general, anthropogenic trace element emissions will be from highly populated and industrialized regions and hence the deposition patterns for such emissions is likely to be more similar to that of nitrogen than dust, but there are additional important source regions for some trace elements associated with regions of major mining and smelting activity, such as in the coastal regions of Peru and northern Chile [65] . Figure 5 shows the distribution of some trace elements sampled along the track of the D361 cruise and the average concentrations in different air masses are reported in table 4. It is clear from the data in figure 5 that some elements including Al, Fe, Mn and Th have very similar spatial distributions. We suggest this indicates a common dust source for these elements, consistent with maxima in concentrations around sample 8 which was sampled off the coast of northwest Africa. Other trace metals including Cd, Ni, Cu and Zn have different distributions from the dust elements and from one another. This dataset also illustrates the very strong spatial gradients in atmospheric trace element concentrations, particularly between the Northern and Southern Hemisphere ( figure 5 and table 4) . Gradients are also evident over the North Atlantic [15, 38, 66] . The concentrations seen here in the Saharan air masses are consistent with those reported from the Cape Verde site [12] . Concentrations of all elements are markedly lower in the tropical south Atlantic air sampled, but still much higher than in air sampled in the southern South Atlantic [25] , although it should be noted that concentrations in many of the southern South Atlantic samples were below detection limit for some elements.
There are also marked differences in the aerosol size distributions (figure 6) of different elements (consistent with those reported by others; [15] ). The soluble fractions of the dust associated elements (Fe, Al, Co, Mn, Th) have size distributions dominated by the aerosol coarse mode (greater than 1 µm). However, the size distribution of these crustal elements is actually not identical. Iron and aluminium are very similar to one another, but Mn, Co and Th, while similar to one another, are different and are present in greater proportions on larger (greater than 2.4 µm) particles than Al and Fe. A possible explanation for these differences is discussed below.
Other trace elements (e.g. V, Ni, Pb) are dominated by the fine mode (less than 1 µm), and a similar effect has been reported for samples collected further south in the Atlantic [25] . This difference reflects the anthropogenic sources of these metals. Many of the anthropogenic metals are not bound within an aluminosilicate mineral lattice but are present in the aerosol as various salts and coatings, associated with fine mode aerosol following their condensation from the vapour phase after leaving high temperature combustion sources [2, 64] . The differentiation between metals in aerosols associated predominantly with crustal sources, and thus likely to be bound within aluminosilicate lattices, and those from high temperature anthropogenic sources is often made on the basis of EFs for an element [38, 64] . EFs are generally calculated as EF = aerosol X/Al crustal X/Al and hence EFs reflect higher ratios of the metal of interest to that of a crustally dominated element, usually Al but other metals such as Ti have been used in aerosols compared with crustal or soil source material. The relative merits of different normalizing elements are discussed by Shelley et al. [38] . EFs, therefore, assume a uniform crustal ratio of X/Al which is not the case, although the spatial variability of crustal composition is generally small on average [40] compared with the variability of ratios seen in the atmosphere [23] , but can be important in aerosol studies of the sources of elements with a dominant crustal source such as Al, Fe and Ti [38] . EFs greater than 1 can arise from any emission source other than crustal material, such as sea spray or biogenic emissions. For most metals, such natural emissions are small compared with anthropogenic sources, and hence for most metals, enrichment indicates significant input from anthropogenic sources. EFs less than 10 are often interpreted with caution in terms of providing clear evidence of additional sources beyond crustal material, owing to the compound uncertainties in the analyses and the crustal ratios, but for a number of metals such as zinc, copper, chromium, vanadium and lead (at least during the period of the extensive use of lead in fuel), enrichments are large and 5 6 7 8 9 10 11 12 13 14 15 16 17 19 20 21 22 23 24 25 26 27 28 29 5 6 7 8 9 10 11 12 13 14 15 16 17 19 20 21 22 23 24 25 26 27 28 29 5 6 7 8 9 10 11 12 13 14 15 16 17 19 20 21 22 23 24 25 26 27 28 29 5 6 7 8 9 10 11 12 13 14 15 16 17 19 20 21 22 23 24 25 26 27 28 29 5 6 7 8 9 10 11 12 13 14 15 16 17 19 20 21 22 23 24 25 26 27 28 29 5 6 7 8 9 10 11 12 13 14 15 16 17 19 20 21 22 23 24 25 26 27 28 29 5 6 7 8 9 10 11 12 13 14 15 16 17 19 20 21 22 23 24 25 26 27 28 29 5 6 7 8 9 10 11 12 13 14 15 16 17 19 20 21 22 23 24 25 26 27 28 clearly imply a non-crustal and probably anthropogenic high temperature source [38] . Table 5 presents EFs for a number of elements in aerosols from the North Atlantic collected at Cape Verde arriving from the North Atlantic in air masses that have spent several days over the sea [13] . Table 5 . Enrichment factors, based on Ti as crustal normalizing element and crustal abundance of Rudnick & Gao [40] for aerosols collected at Cape Verde based on air masses arriving from the north which have spent more than 96 h over the ocean prior to collection based on data presented in Fomba et al. [13] . The EFs indicate that for V, Zn, Cu, Ni, Cr and Pb, concentrations are higher than would be predicted from their crustal abundance, and this together with the dominance of the fine mode aerosol size distribution for these elements suggests that high temperature anthropogenic emissions are the main sources of these metals [13, 64] .
The pattern of large enrichments of some metals (V, Cr, Ni, Cu, Zn and Pb) and small enrichments of others (Mn, Fe and also other elements including Ba, U, Th and rare earth elements) is seen in many datasets [12, 13, 15, 38, 67] and has persisted for many years, with similar values and patterns evident in data from the 1970s [64] . Lead, for which there has been a significant change owing to elimination of lead additions to automobile fuels [68] , is an exception to this. The magnitude of enrichments is reduced in very dusty air masses such those from the Sahara, owing to the anthropogenic component being diluted by the dust component, as is evident from comparing enrichments in air arriving at Cape Verde from the north after passage over the North Atlantic for several days (table 5 and [13] ) to the average of all air masses arriving at Cape Verde which therefore include air masses strongly influenced by Saharan dust [12] . This is also illustrated in table 6, which shows EFs for the D361 data classified by air mass type showing, in most cases, higher enrichments in air in the South Atlantic compared with the North Atlantic, despite lower concentrations. This illustrates that while EFs can help with understanding sources of trace elements, they need to be used with caution. The results here (table 6) also suggest there is enrichment of iron in the remote North Atlantic (RNA) air mass, although this could reflect non-crustal sources or natural variability in crustal end-members [38] and further data are required to distinguish between these hypotheses. The potential enrichments of Ti, Th and Co in this air mass represent upper limits, because aerosol concentrations are below detection limit (table 4).
Aerosol metal solubility
In terms of understanding the impact of atmospheric deposition on ocean biogeochemistry, the solubility of the element of interest is important, alongside the actual total deposition. The definition of solubility is operational and depends on the application, as discussed by Baker & Croot [18] . In a strictly thermodynamic sense, solubility is controlled by solution phase chemistry that would then delineate a maximum concentration that could be sustained in solution, regardless of the amount of solid added. However, in many cases, the solubility of atmospheric aerosol has been expressed in terms of the percentage of the total solid phase concentration that dissolves under the prescribed conditions, i.e. the fractional solubility [18] , and this will be the approach adopted here. Note that the definition of 'soluble' here will include any colloidal material [69] .
Solubility varies markedly between different components of the aerosol as illustrated in table 5 from Mackey et al. [67] . In this study, these authors derived a solubility based on a short-term (10 min) exposure of aerosol to the leaching agent and a longer-term (7 day) one.
Although, as the authors discuss, there are small but interesting changes in solubility between the two leaching times, the pattern and even the absolute values are similar. Thus, the different solubility estimates are not a kinetic effect, but rather reflect some sort of steady-state solubility. A recent particularly thorough study of aerosol iron dissolution extended over timescales from 10 min to 30 days similarly found that the bulk of the dissolution (90%) occurred within 10 min [69, 70] . Given that particle residence times in the surface mixed layer of the ocean are of the order of tens of days [70] [71] [72] , this is very valuable information, because most solubility experiments are short term (hours), and it is important to know that these shorter-term studies are therefore probably environmentally relevant over the longer timescales aerosol particles will spend in the euphotic zone. Different groups have used different chemical matrices in which to estimate the 'soluble' fraction of aerosols, ranging from distilled water, through weak acid leaches of various sorts, through to seawater. Each different technique will potentially solubilize metals from a slightly different group of mineral phases and each have their advantages and disadvantages. None represent fully the chemical complexity and timescales of all the processes that affect aerosol bound metals dissolving in the ocean after wet and dry deposition [18, 66, 69] . Encouragingly, two of the most prominent patterns seen in aerosol solubility experiments, (i) the difference in solubility between groups of elements as seen in table 7 and (ii) the relationship between solubility of crustal bound elements and dust loading (see below), are evident in studies using all of the different chemical leaching agents. This suggests that these patterns of behaviour are real environmental effects and not artefacts arising from the methods used. For iron at least, a recent study has suggested that probably future changes in ocean conditions of temperature, pH or oxygen are unlikely to alter the solubility [70] .
The results in table 7 illustrate a pattern seen in many other studies in which elements that are predominantly associated with crustal aluminosilicate mineral lattices such as Fe and Al have very low solubilities. This is taken to reflect the fundamentally low solubilities of these elements and also the difficulties of breaking bonds within aluminosilicate lattices, rather than an effect related to actual thermodynamic constraints on solubility, because Si behaves similarly to Fe and Al [43, 73] , despite having a much higher thermodynamic solubility. By contrast, trace elements derived from high temperature sources (and hence with high EFs) and associated with anthropogenic coatings appear to be fundamentally more soluble than aluminosilicate phases.
While anthropogenic metal components show relatively high solubilities everywhere, it has become clear over recent years that the solubility of metals bound within the aluminosilicate lattices, including Fe, Al, Si and P, varies over a wide range and systematically with dust loading, an effect seen regardless of chemical leaching method used [43, 48] . In the case of iron, which has received most attention because of its biogeochemical significance, the range of solubilities seen is large enough to have important effects on the estimates of soluble inputs to the ocean, ranging from less than 1% at higher dust loadings to more than 10% at low dust loadings ( figure 7) . [74] . Sampling locations are indicated in f), also coloured according to air mass type.
Al and Si, as well as Fe, and that anthropogenic emissions of Al and Si are believed to be very small compared with natural emissions, it seems likely that the variation of solubility with dust loading cannot be solely owing to an anthropogenic Fe component, although this effect is very likely to be important in some areas [42] . Hence, atmospheric processing of dust very likely plays an important role, and an understanding of this process is clearly going to be required before the soluble input of aluminosilicate bound metals to the ocean can be adequately modelled.
The situation for Mn is interesting because it universally has a low EF and a similar spatial distribution globally to Al and Fe, yet has a consistently higher solubility and also does not show the dependence of solubility on dust mass loadings that Al, Fe and Si show (figure 7). Soluble Mn also has a different (and coarser) aerosol size distribution than Al and Fe (figure 6). It is not really clear why Mn should behave so differently, but it is possible that processes in soils in desert regions [75] , such as the creation of manganese-rich desert varnish on desert soils and rocks [76, 77] decouple Mn from the other aluminosilicate elements in the source region. If rock varnish is indeed the source of the manganese then some other trace elements including Pb, Th, Co and U may also be enriched in such coatings [78] , consistent with the results in figure 6 where some of these elements have similar (soluble) aerosol size distributions to Mn.
Conclusion
Models of global dust fluxes are available and appear to be able to reproduce field data to within a factor of 2-3. There are a group of elements including important tracers such as Al and key micronutrients such as Fe for which dust appears to be the primary atmospheric source and hence for which we have similar confidence in flux estimates to that of dust itself. However, the soluble flux of some of these metals, including Fe, Al and Si, defined as the component that dissolves on a timescale of hours to days in laboratory simulations, are known to vary systematically with dust loading. This introduces an important uncertainty into soluble, and hence bioavailable, flux estimates. It is possible that a larger component of the crustally bound iron is ultimately soluble on longer timescales [79] , although the existence of clay minerals with approximately crustal composition in marine sediments does set an upper bound on the importance of such long-term dissolution. Mn appears to be transported into and through the atmosphere along with crustal dust, but its solubility behaviour is fundamentally different. It is not currently clear why Mn should behave differently and which, if any, other crustally derived metals might behave like Mn, although the data in figure 7 suggests Co and Th may do so. This potentially different solubility behaviour for Th may need to be taken into account when using oceanic Th distributions to estimate atmospheric dust deposition [80] .
For other trace metals with major anthropogenic sources (e.g. Cu, Pb, V, Cr, Zn), models of atmospheric transport and deposition are beginning to be developed [63] , but this work and the validation of these fluxes are still at a relatively early stage of development. The solubility of such metals is higher and somewhat less variable than the crustally bound metals probably, because most of the anthropogenic metal is in a chemical form that is relatively easily dissolved. It is also important to consider the subsequent behaviour of these metals in seawater, particularly the role of organic ligand complexation that alter solubility, bioavailability and hence toxicity and biogeochemical impact [18, 23, 69] .
For nitrogen, anthropogenic sources now dominate the emissions, at least for inorganic forms and probably for organic forms as well. Most of the deposited nitrogen is likely to be bioavailable. The models for inorganic nitrogen emission, transport and deposition are relatively well developed with agreement with data to much better than a factor of two.
There is growing evidence that atmospheric deposition is an important route of supply of biogeochemically significant amounts of many important trace elements. This recognition and the need to understand how inputs to the ocean may change in the future should encourage both the continued development of atmospheric transport and deposition models for these elements, and also the development of data with which to validate and calibrate such models. There are very large areas of the remote ocean for which there is very limited atmospheric deposition data, and yet in some of these areas, including the Southern Pacific and Southern Oceans, atmospheric deposition (or lack of it) are believed to be an important influence on ocean biogeochemistry [81] .
This atmospheric deposition may have changed in the past and may change again in the future. The evidence, to date, suggests that wet deposition represents an important and possibly dominant deposition route in some ocean regions. The collection of a good database of wet deposition flux estimates in such areas represents a major challenge that deserves further attention, because it is a major component of the total deposition flux in most areas, as does the improvement of dry deposition parametrizations.
